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Development and Characterization of Hot-Pressed Matrices for 
Engineered Ceramic Matrix Composites (E-CMCs) 
 
S.V. Raj 
National Aeronautics and Space Administration 
Glenn Research Center 
Cleveland, Ohio 44135 
Abstract 
The present research effort was undertaken to develop a new generation of SiC fiber- reinforced 
engineered ceramic matrix composites (E-CMCs). In contrast to traditional CMCs with a brittle SiC 
matrix, an E-CMC is designed to consist of a matrix engineered to possess sufficient high temperature 
plasticity to minimize crack propagation, relatively high fracture toughness, and self-healing capabilities 
to prevent oxygen ingress to the BN-coated fibers through surface-connected cracks. The present paper 
discusses the bend strength, isothermal oxidation, microstructures and self-healing properties of several 
silicide-behaved engineered matrices. Based on the oxidation tests, where it was observed that some of 
the matrices exhibited either catastrophic oxidation (“pesting”) or spalling of the oxide scale, two 
engineered matrices, CrSi2/SiC/Si3N4 and a CrMoSi/SiC/Si3N4, were down-selected for further 
investigation. Four-point bend tests were conducted on these two engineered matrices between room 
temperature and 1698 K. Although these matrices were brittle at low temperatures, it was observed that 
the bend strengths and bend ductility increased at high temperatures as the silicide particles became more 
ductile, which was qualitatively consistent with the theoretically expected behavior that crack blunting at 
these particles should increase the matrix strength. Additional studies were conducted to study the effects 
of different additives on the self-healing properties of the engineered matrices, which helped to identify 
the most effective additives. 
1.0 Introduction 
Silicon carbide fiber-reinforced ceramic matric composites (CMCs) are being developed for 
aerospace applications to replace Ni-based superalloys in gas turbine engines (Refs. 1 to 8). In contrast to 
Ni-based superalloys, replacement with lighter weight SiC/SiCf CMCs are expected to allow several hot 
section components, such as combustor liners, shrouds, and turbine blades and vanes, to operate at higher 
temperatures and higher pressure ratios with reduced cooling air. In practical terms, the increased engine 
efficiency would result in lower fuel burn thereby leading to lower CO2 emissions and significant cost 
savings in the operation of each aircraft. As a result of decades of research and development, SiC/SiCf 
CMCs are finding applications in advanced aircraft engines (Ref. 9). However, a major deficiency with 
these CMCs is that the matrix has low toughness, where the design stresses, which are typically less than 
the tensile proportional stress of the CMC, are limited by a relatively low matrix cracking stress of less 
than 192 MPa (Refs. 6, 10 to 13). In particular, surface connected cracks critically limit the life of the 
composite since oxygen ingress to the BN coatings on fibers leads to the formation low melting 
borosilicate glass (Ref. 6). Additionally, moisture attack of the fibers and matrix also contributes to lower 
durability. If these CMCs are fabricated by Si melt infiltration, there is a possibility that the presence of 
unconverted residual Si (i.e., “free Si”) would significantly limit the use temperature below that of the 
melting point of Si due to poor creep properties of the CMCs. Thus, the full potential of the high creep 
strength SiCf in unlikely to be fulfilled in actual applications for these SiC/SiCfCMCs.  
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Figure 1.—Comparison of the temperature dependence of the average thermal expansion 
behavior of hot-pressed CrSi2 (Ref. 17), Cr-30%Mo-30%Si (Ref. 17), MoSi2 (Ref. 15), Si 
(Ref. 16), SiC (Ref. 15), Si3N4 (Ref. 15), TiSi2 (Ref. 17) and WSi2 (Ref. 17) between 293 
and 2000 K. 
 
 
Given these potential limitations, it is important to consider other approaches that may be necessary 
to develop CMCs for applications as high as 1482 °C (2700 °F). In principle, melt infiltration with a 
metal silicide with a higher melting point than pure Si would increase the use temperature of the CMC. 
However, as discussed in an earlier paper (Ref. 14), the thermal expansions of several common silicides 
are significantly higher than that of SiC, where the extent of deviation increases with increasing 
temperature (Fig. 1). The data shown in Figure 1 have been compiled from various sources (Refs. 15 
to 17).  
The design of an engineered matrix (EM) for a CMC with an increased durability for application 
above the melting point of Si must satisfy certain requirements. First, the thermal expansion of the 
engineered matrix should be close to that of the SiCf fibers to minimize the amount of thermal strains 
developed during thermal fatigue. Second, all the constituents should be chemically stable and should not 
react with each other, the SiCf, the BN coatings and CVI SiC. Third, the melting points of all the 
constituents should be above the intended application temperature of the CMC to prevent incipient 
melting and chemical reaction. Fourth, the design of the EM should include second phase particles, which 
are ductile over a wide range of temperatures but especially at the operating temperatures of the CMCs so 
that they are effective at blunting cracks and prevent their propagation through the matrix. Fifth, the 
addition of self-healing additives to the matrix constituents can heal surface-connected matrix cracks and 
prevent H2O ingress into the CMC, thereby protecting the BN coatings and the SiCf. It is envisioned that 
the engineered ceramic matrix composites (E-CMCs) would be fabricated by slurry infiltrating the 
engineered matrix into CMC preforms followed by melt infiltration with a silicide. This is important to 
ensure that there is no significant “free Si” present in the CMC, which could lead to poor creep properties. 
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In order to compensate for the observed differences in the thermal expansion between the silicides 
and SiC, Raj (Ref. 14) extended the concepts presented in previous studies (Refs. 18 and 19) by 
proposing a generalized predictive approach based on the rule of mixtures (ROM) given by Equation (1): 
 
 (∆L/L0)fiber = (∆L/L0)EM = V1(∆L/L0)1 + V2(∆L/L0)2 + V3(∆L/L0)3 + … (1) 
 
where (∆L/L0)fiber is the thermal strain in the fiber, (∆L/L0)EM is the thermal strain in the engineered matrix 
(EM), (∆L/L0)i is thermal strain of the ith constituent (i = 1,2,3…n), Vi is the volume fraction of the ith 
constituent, and ∑ 𝑉𝑉𝑖𝑖 = 1𝑛𝑛𝑖𝑖=1 . For a three-constituent engineered matrix consisting of a silicide, SiC and 
Si3N4, Equation (1) reduces to 
 
 (∆L/L0)fiber = (∆L/L0)EM = Vsilicide(∆L/L0)silicide + VSiC(∆L/L0) SiC + VSi3N4 (∆L/L0) Si3N4 (2) 
 
Additional terms must be included if self-healing and other additives are added to the matrix. 
Equations (1) and (2) provide a simple way to balance out the thermal expansion differences between the 
different materials.  
Referring to Figure 1 and Equation (2), for a three constituent EM consisting of a silicide, SiC and 
Si3N4, the high thermal expansion of the silicide has to be compensated by the low thermal expansion of 
Si3N4 in order to match the thermal expansion of SiCf. In this case, the volume fraction of SiC in the 
traditional matrix is replaced by suitable amounts of silicides and Si3N4 to satisfy Equation (2) (Table 1) 
so that the thermal expansion of the engineered matrix is close to that of SiCf. It is important to note that 
by suitably varying the relative amounts of the constituents so as to develop compressive stresses in the 
engineered matrix, the crack resistance ability of the engineered matrix can be enhanced. Figure 2 
graphically illustrates the concept (Ref. 14). The validity of Equation (2) was demonstrated in an earlier 
paper (Fig. 3) (Ref. 14). It was shown that the thermal expansions of several compositions of engineered 
matrices formulated using Equation (2) were in close agreement with the thermal expansion of SiC 
between 373 and 1523 K. While ensuring that the thermal expansions of the EMs are similar to that of 
SiC is a necessary condition for designing a suitable matrix for a CMC, it is also important to establish 
that the oxidation properties are acceptable and the silicide particles have an ability to blunt cracks at 
temperatures above the ductile-to-brittle transition (DBTT) for the matrix to be truly useful. The 
objectives of the present paper are to characterize the isothermal oxidation, bend strength and self-healing 
properties of these engineered matrices to downselect the compositions for further development. 
 
 
TABLE 1.—COMPARISON OF THE ENGINEERED AND TRADITIONAL MATRIX COMPOSITION 
IN A CERAMIC MATRIX COMPOSITE USING EQUATION (2) 
Concept Vsilicide (%) VSiC (%) VSi3N4 (%) 
Traditional matrix 0 100 0 
Engineered matrix x 100-x-y y 
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Figure 2.—Schematic illustration of the concept of engineering a matrix of a silicide, SiC and a 
nitride so as to match its thermal expansion with that of the SiC fibers (Ref. 14). 
 
 
Figure 3.—Comparison of the temperature dependence of the thermal strains for disilicides 
(Ref. 17), CrMoSi (Ref. 17), engineered matrices (Ref. 14) with those for SiC (Ref. 15) and 
Si3N4 (Ref. 15). 
NASA/TM—2019-220071 5 
2.0 Experimental Procedures 
Details of the fabrication of the EMs studied in the present investigation are described elsewhere 
(Ref. 14). Briefly, the constituents used to fabricate EMs were high purity β-SiC (HSC059) submicron 
powders procured from the Superior Graphite Co., Chicago, IL, high purity Si3N4 (grade SN-E10) 
powders procured from Ube America, Inc., New York, N.Y, and commercial purity silicide powders 
(–325 mesh) of CrSi2, TiSi2, WSi2 and a Cr-30(at.%)Mo-30%Si (CrMoSi) alloy (Refs. 20 to 24). The 
volume fractions of the individual constituents to formulate each SiC/Si3N4/silicide EM were determined 
using Equation (2), where the thermal expansion values for the SiC, Si3N4 and the silicides were obtained 
from literature sources (Refs. 16 and 17). The engineered compositions investigated in the present study 
were 10(vol.%)CrSi2-70%SiC-20%Si3N4 (CrSi2-EM), 10(vol.%)CrMoSi-60%SiC-30%Si3N4 (CrMoSi-
EM), 10(vol.%)MoSi2-70%SiC-20%Si3N4 (MoSi2-EM), 10(vol.%)TiSi2-70%SiC-20%Si3N4 (TiSi2-EM) 
and 10(vol.%)WSi2-70%SiC-20%Si3N4 (WSi2-EM). These engineered matrix compositions did not have 
any self-healing additives. The Mo-50(vol.%) Si3N4 powder used in an earlier investigation (Ref. 19) was 
reformulated by adding appropriate amounts of SiC to form MoSi2-EM. 
The powders were wet ground in ethanol in a ball mill using SiC grinding media for 48 h. After 
grinding, the powders the excess alcohol was allowed to evaporate off and the wet powder cake was oven 
dried. The dried powder cakes were hand ground to powder using a mortar and pestle. The powders were 
hot-pressed under argon using SiC grinding media. After drying, the powder cakes were hand ground to 
fine powder in a mortar and pestle. The powders were hot-pressed to shape in graphite dies in either an 
argon or a nitrogen environment at temperatures varying between 1183 and 2073 K for times varying 
between 0.25 and 4 h. The hot pressing stresses varied between 69 and 105 MPa. Specimens were 
machined from the hot-pressed materials for microstructural evaluation, oxidation studies and four-point 
bend testing.  
The nominal dimensions of the oxidation specimens were 13.5 mm in diameter and 3 mm thick. Each 
specimen had a 2.5 mm diameter hole machined by electro-discharge machining (EDM) about 3.2 mm 
from the edge to allow it to hang from a quartz hook in a thermogravimetric analyzer (TGA). The TGA 
was equipped with a weighing balance to periodically monitor the weight. The oxidation specimens were 
isothermally oxidized at 1600 K for 100 h in dry air flowing at 100 sccm. The data were logged by a 
computer data acquisition system.  
Four-point bend tests were conducted on engineered matrices where the nominal specimen 
dimensions were 50 × 4 × 3 mm according to ASTM C 1161-02C (Ref. 25) and ASTM C 1211-13 
(Ref. 26). These specimens were machined flat and parallel from hot-pressed plates nominally 
50 × 50 × 3 mm in dimensions using a diamond saw. Bend tests were conducted in air between room 
temperature and 1698 K in a servo-hydraulic uniaxial testing machine at a crosshead speed, v, of 
8.3×10–3 mm/s. The distance of the outer span, LB, between the bottom rolls was 40 mm and that of the 
inner span, LT, between the top rolls was 20 mm, where the distance, a, between the bottom and top roll 
was 10 mm. The center point displacement strain reported in this paper was calculated by the commercial 
software associated with the testing machine’s data acquisition system from the cross-head deflection, δ. 
The center point strain rate, 𝜀𝜀,̇  given by  
 
 𝜀𝜀̇ = 12tv(3LB2−4𝑎𝑎2) (3) 
 
where t is specimen thickness and a = LB-LT, was estimated to be 6.8×10–5 s–1 for t = 3 mm, v = 8.3×10–3 mm/s, LB = 40 mm and a = 10 mm.  
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TABLE 2.—COMPOSITIONS OF DISKS WITH SELF-HEALING ADDITIVES IN 
WT.% AND OXIDATION HEAT TREATMENT CONDITIONS 
Specimen I.D. Compositions (wt.%) Atm. Temp. 
(K) 
Hold time 
(h) 
741-SiC-CMS 20%CrMoSi-80%SiC Air 1600 24; 100 
742-SiC-CMSY 20%CrMoSiY-80%SiC Air 1600 24; 100 
744-SiC-CMSGe 20%CrMoSiGe-80%SiC Air 1600 24; 100 
746-SiC-CMS-CB-1 20%CrMoSi-79%SiC-1%CrB2 Air 1600 24; 100 
748-SiC-CMS-CB-5 20%CrMoSi-75%SiC-5%CrB2 Air 1600 24; 100 
750-SiC-CMS-ZSO-1 20%CrMoSi-79%SiC -1%ZrSiO4 Air 1600 24; 100 
753-SiC-CMS-ZSO-5 20%CrMoSi-75%SiC-5%ZrSiO4 Air 1600 24; 100 
756-SiC-CS-CB-1 20%CrSi2-79%SiC -1%CrB2 Air 1600 24; 100 
758-SiC-CS-CB-5 20%CrSi2-75%SiC-5%CrB2 Air 1600 24; 100 
761-SiC-CS-ZSO-1 20%CrSi2-79%SiC-1%ZrSiO4 Air 1600 24; 100 
763-SiC-CS-ZSO-5 20%CrSi2-75%SiC-5%ZrSiO4 Air 1600 24; 100 
Note: These powders were hot-pressed under flowing Ar gas. The specimens were first oxidized for 24 h to conduct 
microstructural observations. The oxidation treatment was continued to a total time of 100 h. All specimens were heated at 
0.4 K/s to the oxidation temperature and furnace cooled from this temperature. 
 
Several CrSi2/SiC and CrMoSi/SiC matrices were formulated without Si3N4 to study the effect of 
CrB2, Ge, Y and ZrSiO4 additives on self-healing of cracks and holes in order to downselect suitable 
self-healing additives. Table 2 gives details of the compositions in wt.%. The amount of CrB2 and ZrSiO4 
were 1 and 5 wt.%, which were added as powders. In contrast, 1 wt.% Ge and 0.1 wt.% Y were present as 
solid solution in two batches of the gas atomized CrMoSi powders. These compositions were wet ball 
milled in ethanol as described previously and hot-pressed into disks 12.7 mm diameter and 3.2 mm 
thickness. A hole (~1 mm dia.)1 was drilled on both faces of each specimen and polished on a 600 grit 
emery paper before annealing them in air in a rapid heating box furnace. The CrSi2 and CrMoSi-based 
specimens were oxidized at 1600 and 1700 K, respectively, for a cumulative oxidation time of 100 h 
(Table 2). The oxidized specimens were microstructurally examined to study the extent of scratch healing 
and hole closure. Optical, scanning electron microscopy (SEM), back scattered electron (BSE) imaging 
and energy dispersive spectroscopy (EDS) were conducted of the specimen surfaces before and after 
oxidation by monitoring the extent of self-healing of the hole and scratches2. 
3.0 Results and Discussion 
Details of the microstructures, and EDS and x-ray diffraction (XRD) analyses of the hot-pressed 
engineered matrices were described in great detail elsewhere (Ref. 14). Briefly, the microstructures of 
these specimens consisted of a distribution of coarser SiC particles intermixed with fine Si3N4 particles 
with the silicide particles variously distributed in the microstructure. The EDS showed C, N and O peaks 
in addition to Si and metallic peaks, which suggested the probable presence of silicon oxy-carb-nitride 
and oxy-nitride phases. There was some indication from the XRD quantitative phase analyses (QPA) 
results that there may have been some reaction between the silicides and SiC and Si3N4 particles but these 
observations could not be confirmed by EDS. The QPA results revealed that the volume fraction of the 
reacted phases varied from one composition to another but was less than 4.2 vol.% (Ref. 14). Owing to 
the complex nature of the XRD spectra, there was some uncertainty in conducting the Rietveld analysis 
                                                     
1 It is noted that this is an approximate dimension of the hole diameter. In some instances, the actual hole diameter 
deviated by as much as 20% probably because the specimen porosity was very high, which made it difficult to 
precisely control the hole dimensions.  
2 It is noted that the optical microscope was focused on the surface scratches as best as possible using the edge of the 
hole as a reference. However, in specimens, where the scratches had healed and the edges of the hole showed scale 
formation, the surface features and edge of the hole were not prominent, which made it difficult to focus. Also, light 
reflection from the bottom of the hole sometimes made it difficult to unambiguously establish whether the additive 
was healing the hole.  
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and extracting the QPA data. Therefore, the QPA data must be interpreted with some degree of caution. It 
is noted that the presence of free carbon can lead to a reaction with CrSi2; otherwise, it has been 
demonstrated that CrSi2 does not react with either SiC or Si3N4 (Ref. 27). Although the specimens 
appeared to be nearly fully consolidated in the microstructural observations, detailed void volume fraction 
measurements revealed that the specimens were fairly porous (Ref. 14). The measured volume fraction of 
the closed porosity were between 1.1 and 3.7%, while that of open porosity varied between 33.7 and 
39.4%. The total porosity varied between 36.2 and 40.6%.  
3.1 Isothermal Oxidation of Engineered Matrices 
Figure 4 compares the isothermal oxidation behavior of CrSi2-EM, CrMoSi-EM, MoSi2-EM, 
TiSi2-EM and WSi2-EM at 1600 K, where the weight change, ∆W per unit area, A, is plotted against the 
isothermal oxidation time, t. The isothermal data reported for CVD SiC and Si3N4 at 1573 K are also 
shown for comparison (Ref. 28). In comparison to the oxidation behavior of SiC and Si3N4, the 
engineered matrices exhibits a large initial weight change in the first few hours presumably due to the 
faster growth rate of the metal oxides compared to SiO2. However, as the more protective silica layer 
begins to form, the oxidation rate slows down in accordance with the parabolic oxidation kinetic law 
(Ref. 29). An examination of Figure 4 reveals that the initial oxidation rates for TiSi2-EM and WSi2-EM 
are higher than those for CrSi2-EM, CrMoSi-EM and MoSi2-EM but the magnitudes of specific weight 
gain, ∆W/A, for these engineered matrices are similar t ≈ 100 h. The isothermal oxidation behavior of the 
MoSi2-EM specimen shows a continuously increasing specific weight change with increasing oxidation 
time presumably because the protective SiO2 had not completely covered the sample. As a result, the 
MoSi2-EM was not considered for further development. In addition, as discussed elsewhere (Ref. 14), the 
MoSi2-EM thermal expansion specimen showed extensive circumferential cracks after thermal cycling. 
 
 
Figure 4.—Comparison of the isothermal oxidation behavior of several engineered matrices with 
those for CVD SiC (Ref. 28) and Si3N4 (Ref. 28) showing the change in the specific weight 
change with oxidation time. 
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Since the TiSi2-EM spalled after 100 h, this matrix composition was eliminated from further 
consideration in the investigation. Although the WSi2-EM did not show significant catastrophic 
oxidization (i.e., “pesting”) or spalling during isothermal oxidation at 1600 K, it is noted that the 
WSi2-EM bend specimens catastrophically oxidized and crumbled into powder during to heat-up to test 
temperature. This is probably due to the rapid oxidation of the W-rich particles observed in the 
hot-pressed microstructure (Ref. 14) leading to “pesting”. 
Curiously, the oxidation rates for the two CrSi2-EM specimens were quite different, where one of the 
specimens exhibited relatively little specific weight gain after the initial oxidation while the other 
specimen continued to gain weight even after 100 h. This difference in behavior is attributed to an 
inhomogeneous distribution of the CrSi2 particles. Similarly, the isothermal oxidation curve for CrMoSi-
EM specimen shows an initial increase in the specific weight change with the formation of Cr2O3 before 
tending to flattening out as SiO2 forms a protective layer. It is important to note that Cr2O3 forms a 
protective oxide scale for austenitic stainless steels and some nickel-base superalloys below 1000 °C, 
while SiO2 is the protective oxide for SiC and Si3N4. Thus, CrSi2-EM and CrMoSi-EM were chosen for 
further development since they are capable of forming both Cr2O3 and SiO2 as protective oxides without 
any evidence of “pesting” or spalling. It is also important to note that the rapid formation of Cr2O3 in the 
initial stages of oxidation as evidenced in Figure 4 indicates that the presence of Cr in CrSi2-EM and 
CrMoSi-EM is likely to getter any oxygen that may enter the matrix in a CMC through externally 
connected cracks. Thus, these chromium silicide EMs are likely to protect the oxidation of the BN 
coatings on the fibers.  
3.2 Bend Properties of Engineered Matrices 
As discussed in Section 1.0, one of the requirements of an effective EM is the ability to blunt cracks 
and prevent their propagation through the matrix. Once the crack propagation is prevented, the strength of 
the matrix, and correspondingly the CMC, is expected to increase. The important point to note is that 
developing local plasticity around the crack tip is imperative rather than increasing the “general 
plasticity”3 of the matrix, since the latter approach is likely to decrease matrix strength at high 
temperatures, and that of the CMC, as it is likely to lead to significant matrix creep. Thus, a high 
concentration of homogeneously distributed ductile particles is expected to lead to “general plasticity” 
whereas a low concentration or a heterogeneously distribution of ductile particles is expected to result an 
increased tendency towards local plasticity of the matrix. Figure 5 shows the four-point bend stress, σB, 
versus bend strain, εB, plots for CrSi2-EM at temperatures varying between room temperature and 
1643 K4. A close examination of Figure 5 reveals that CrSi2-EM is brittle below 898 K, and subsequently 
exhibits a low bend strength. However, the bend strength and bend plasticity increase significantly at 
1173 and 1273 K presumably because the CrSi2 particles exhibit limited ductility sufficient to blunt the 
crack tip. At 1377 and 1473 K, relatively large values of εB are observed with correspondingly lower 
magnitudes of σB that that observed at 1273 K. These observations are most likely due to an increase in 
the “general plasticity” of the matrix as the CrSi2 particles become more ductile and they are 
homogenously distributed in the matrix.  
  
                                                     
3 It is noted that the term “general plasticity”, which is only relevant when describing metal plasticity, is used in this 
paper in an imprecise and qualitative manner to distinguish the toughness of these ceramic matrices.  
4 The legends identifying each curve in Figures 5 and 6 show three sets of digits. The first set refer to the hot-press 
run number, the second set the specimen number from a hot press run, and the third set refers to test temperature in 
K. For example, 625-3-RT in Figure 5 indicates that the hot-pressing batch was 625, and the third bend specimen 
machined from this batch was tested at room temperature.  
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Figure 5.—Four-point bend stress-bend strain curves for CrSi2-EM tested in air between room 
temperature (RT) and 1588 K showing that the bend strength increases with increasing 
temperature due to an increase in plasticity. 
 
 
A basic premise in the current thesis requires the crack tip to meet a ductile silicide particle to blunt it 
and thereby increase matrix toughness. As indicated earlier, local plasticity at the crack tip is more 
desirable than “general plasticity” to enhance matrix strength. In both instances, it is necessary that the 
ductile silicide particles be homogenously distributed in the matrix. If the propagating crack fails to meet 
a ductile particle, the expected outcome is brittle behavior and low matrix strength. An examination of 
Figure 5 reveals that the observed σB-εB curves for the specimens tested at 1588 and 1643 K are 
inconsistent with the reported trend observed for the specimens tested between room temperature and 
1473 K. These observations are attributed to an inhomogeneous distribution of the CrSi2 particles leading 
to two possible outcomes depending on the path that the cracks follow as they propagate through the 
matrix. First, if the dominant propagating crack grows through CrSi2 particle-rich regions, the local 
plasticity around the crack tip would blunt it thereby leading to an increase in the matrix strength. In this 
case, the overall bend strain would be expected to be lower than those for the specimens with a 
homogeneous distribution of CrSi2. This appears to be the case with the specimen tested at 1588 K, where 
there is a considerable increase in the bend strength but with lower bend ductility than the specimens 
tested between 1273 and 1473 K. Second, if the dominant crack propagates through the predominantly 
brittle SiC-Si3N4 regions of the matrix instead of the CrSi2 particle-segregated regions, the matrix is likely 
to be brittle. This appears to be the case for the specimen tested at 1643 K.  
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Figure 6.—Four-point bend stress-bend strain curves for CrMoSi-EM tested in air between room 
temperature (RT) and 1698 K showing that the bend strength increases with increasing temperature 
due to an increase in plasticity. 
 
Figure 6 shows the four-point σB-εB curves for CrMoSi-EM between room temperature and 1698 K. 
The CrMoSi alloy is a high strength alloy with a compressive ductile-to-brittle transition temperature of 
about 1400 K (Refs. 21 and 22). Since the melting point of CrMoSi (Refs. 21 to 23) is much higher than 
that of CrSi2, which is 1763 K (Ref. 30), the DBTT of CrMoSi is expected to be higher than that of CrSi2 
so that its brittleness extended to higher temperatures. Nevertheless, the σB-εB curves for CrMoSi-EM 
show a similar trend as the observations of CrSi2-EM with increasing temperature. Once again, it is 
observed that CrMoSi-EM is brittle at room temperature but its bend strength and bend ductility increase 
with increasing temperature at and above 1473 K, where the CrMoSi particles begin to exhibit ductility 
(Refs. 21 and 22). However, batch-to-batch variations, as well as within batch disparities, are observed in 
the data thereby suggesting that the results are primarily sensitive to segregation of the matrix constituents 
although the role of other factors, such as machining defects, cannot be completely ruled out. 
Nevertheless, the basic premise underlying the design of an engineered matrix that ductile phase 
toughening at the operating temperatures sufficient to blunt crack tips would result in an increase matrix 
strength is proven by the present observations. Additional investigations are required to improve the 
homogenous distribution of the matrix constituents so as to reduce scatter in the data and improve 
reproducibility. 
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3.3 Self-Healing Studies 
3.3.1 Effect of Additives 
An initial assessment of additives on the self-healing characteristics of engineered matrices revealed 
that they were effective in healing scratches and closing a ~1 mm diameter hole to various degrees. After 
oxidation at 1600 K for 24 h, CrMoSi-SiC specimen without any additives showed no significant healing 
of the scratches and the hole (Fig. 7(a)). However, adding 1(wt.%) CrB2 had a significant effect on 
healing the scratches, but no significant oxide scale was evident at the edges of the hole (Fig. 7(b)). The 
addition of 5(wt.%)CrB2 healed the scratches on the specimen surface while allowing an oxide scale to 
form at the edges of the hole (Fig. 7(c))5. Continued oxidation at 1700 K for a cumulative oxidation time 
of 100 h showed that the hole on the exposed top face (Figs. 8(a) and (c)) had significantly closed relative 
to that on the rear face (Figs. 8(b) and (d)). In this case, significant scratch healing and hole closure are 
observed. The presence of 1(wt.%)Ge in the CrMoSi alloy as a solid solution was not as effective in 
healing the scratches and closing the hole unlike the addition of 1(wt.%) CrB2to the matrix (Fig. 7(d)). 
The amount of Y in the CrMoSi alloy was 0.1 wt.%, which was insufficient to significantly heal the 
scratches (Fig. 7(e)). Figure 7(f) shows the effectiveness of 1(wt.%)ZrSiO4 in healing scratches 
(Fig. 7(f)). An oxide scale was observed at the edge of the hole. The addition of 5(wt.%) ZrSiO4 was quite 
effective in healing the scratches, and although the edge of the hole showed a thick oxide scale 
(Fig. 7(g)).  
Figures 9(a) to 12(a) show scanning electron images while Figures 9(b) to 12(b) show the 
corresponding backscattered images of the holes. Several small white particles were observed at the 
bottom of the holes (Figs. 9(b), 10(b), 12(b), and 12(d)) and on the specimen surfaces (Figs. 9(c), 10(c), 
11(c), and 12(f)). The EDS spectra from these particles showed O, Si and Zr peaks, which suggested that 
they were probably zirconium silicate. Since zirconium silicate was intentionally added as a self-healing 
additive in two compositions, it was concluded that these white particles were furnace contaminants. The 
presence of these particles had no significant effect on the nature of the composition and morphology of 
the oxide scale. Energy dispersive spectra of the oxide scales formed on these specimens after oxidation 
at 1700 K for a cumulative oxidation time of 100 h revealed O and Si peaks, and it was concluded that 
they were silica (Figs. 9(d), 10(c), 11(c), and 12(e)).  
The morphology of the scale was influenced by the additive. Without any additives, the morphology 
of the scale was granular (Fig. 9(c)). Silica globules were observed with the addition of 5(wt.%) CrB2 
(Fig. 10(c)). In contrast, Ge addition resulted in a “mud flat” scale morphology thereby suggesting a low 
viscosity scale, which would be advantageous in filling cracks (Fig. 11(d)). The effect of Y on the scale 
was similar to that shown in Figure 9 but with more rounded and fused features (Figs. 12(d) and (f)). The 
specimen with ZrSiO4 resulted in catastrophic oxidation at 1700 K.  
Similarly, 5(wt.%) CrB2 and 5(wt.%) ZrSiO4 additions to 20(wt.%) CrSi2-75%SiC were effective in 
healing the scratches (Figs. 13(a) to (d)). There appeared to be a partial closing of the ~1 mm diameter 
hole, where the scale for the specimen with ZrSiO4 was brittle, although ZrSiO4 was more effective 
(Fig. 13(d)) than CrB2 (Fig. 13(c)) in self-healing the damage. The relative change in the hole dimensions, 
∆d/d0 = (df-d0)/d0, where df and d0 are the final and initial diameters of the hole, relatively, significantly 
decreased with the addition of 5(wt.%) of either CrB2 or ZrSiO4 (Figs. 14(a) and (b)). For example, the 
hole dimensions closed by about 60% for CrMoSi/SiC oxidized at 1700 K for 100 h. However, specimens 
with ZrSiO4 generally suffered catastrophic oxidation and the specimens fell apart. 
                                                     
5 It was difficult to focus on this specimen surface due to the absence of any distinct features. 
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Figure 7.—Comparison of the effectiveness of additives on the self-healing of scratches 
and a 1 mm diameter hole before (top micrographs) and after (bottom micrographs) 
oxidation at 1600 K for 24 h. (a) 20(wt.%)CrMoSi-80%SiC; (b) 20(wt.%)CrMoSi-79%SiC-
1%CrB2; (c) 20(wt.%)CrMoSi-75%SiC-5%CrB2; (d) 20(wt.%)CrMoSiGe-80%SiC; 
(e) 20(wt.%) CrMoSiY-80%SiC; (f) 20(wt.%)CrMoSi-79%SiC-1%ZrSiO4 and 
(g) 20(wt.%)CrMoSi-75%SiC-5%ZrSiO4. 
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Figure 7.—Continued. 
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Figure 7.—Continued. 
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Figure 7.—Continued. 
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Figure 7.—Continued. 
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Figure 7.—Continued. 
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Figure 7.—Concluded. 
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Figure 8.—Optical macrographs showing (a) and (c) the top face exposed to air and 
(b) and (d) the rear face on the tray bottom showing the extent of hole closure after 
oxidation of a 20%CrMoSi-75%SiC-5%CrB2 at 1700 K for 100 h. Views of the holes 
(a) and (b) before oxidation; and (c) and (d) after oxidation. 
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Figure 8.—Concluded. 
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Figure 9.—Microstructures of 20(wt.%)CrMoSi-80%SiC after oxidation at 1700 K for a cumulative oxidation time of 
100 h. Low magnification (a) scanning electron and (b) back-scattered electron images of the hole; (c) untilted high 
magnification BSE image of the bottom surface of the hole; and (d) a BSE image of a region from the bottom 
surface of the hole showing areas F and G from which energy dispersive spectra of the silica scale were obtained. 
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Figure 10.—Microstructures of 20%CrMoSi-75%SiC-5%CrB2 after oxidation at 1700 K for a cumulative oxidation time 
of 100 h. Low magnification (a) scanning electron and (b) back-scattered electron images of the hole; and (c) 
untilted high magnification BSE image of a region of the specimen showing the locations of area E at the edge of 
the hole and area D on the surface of the specimen corresponding to the energy dispersive spectra of the silica 
scale. 
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Figure 11.—Microstructures of 20%CrMoSiGe-80%SiC after oxidation at 1700 K for a cumulative oxidation time of 
100 h. Low magnification (a) scanning electron and (b) back-scattered electron images of the hole; (c) 30° tilted 
high magnification BSE image of area A of the specimen surface close to the edge of the hole corresponding to the 
energy dispersive spectra of the silica scale; and (d) untilted high magnification BSE image of the bottom of the 
hole showing a “mud flat” morphology of the scale. 
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Figure 12.—Microstructures of 20%CrMoSiY-80%SiC after oxidation at 1700 K for a cumulative 
oxidation time of 100 h. Low magnification (a) scanning electron and (b) back-scattered electron 
images of the hole; (c) 45° tilted low magnification BSE image of a region of the specimen showing 
the edge of the hole and the surface; (d) high magnification BSE image of the area shown in (c); (e) 
30° tilted BSE image of the specimen surface indicating the area corresponding to the energy 
dispersive spectra of the silica scale; and (f) high magnification BSE image of the area shown in (e). 
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Figure 13.—Optical macrographs comparing the effectiveness of 5(wt.%)CrB2 and 
5(wt.%)ZrSiO4 additives to the CrSi2-SiC EM on the healing of scratches and the 
closure of a~1 mm diameter hole (a) and (b) before and (c) and (d) after oxidation at 
1600 K for 24 h. (a) and (c) 20(wt.%)CrSi2-75%SiC-5%CrB2; (b) and (d) 20(wt.%)CrSi2-
75%SiC-5%ZrSiO4. 
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Figure 13.—Concluded. 
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Figure 14.—Relative change in the hole dimensions versus oxidation time. (a) CrMoSi/SiC 
oxidized at 1700 K; (b) CrSi2/SiC oxidized at 1600 K.  
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4.0 Summary and Conclusions  
The design of an engineered matrix for an E-CMC must satisfy certain criteria, which are discussed in 
the present paper. Chief among them is that the thermal expansion of these engineered matrices should be 
close to that of the SiCf reinforcing fibers. In an earlier paper (Ref. 14), it was proposed and demonstrated 
that the constituents of several silicide-based engineered matrices could be formulated using a rule of 
mixtures approach to ensure that their thermal expansions were relatively close to that of SiC. The present 
paper discusses the isothermal oxidation properties of 10(vol.%)CrSi2-70%SiC-20%Si3N4 (CrSi2-EM), 
10(vol.%)CrMoSi-60%SiC-20%Si3N4 (CrMoSi-EM), 10(vol.%)MoSi2-70%SiC-20%Si3N4 (MoSi2-EM), 
10(vol.%)TiSi2-70%SiC-20%Si3N4 (TiSi2-EM) and 10(vol.%)WSi2-70%SiC-20%Si3N4 (WSi2-EM) at 
1600 K. In comparison to the isothermal oxidation behavior of CVD SiC (Ref. 28) and Si3N4 at 1573 K 
(Ref. 28), the engineered matrices exhibited a large initial weight change presumably due to the rapid 
formation of the metal oxides before generally leveling off as the protective SiO2 scale begins to form. 
Based on the comparative isothermal oxidation behavior of several silicide-based EMs, only the CrSi2-
EM and the CrMoSi-EM compositions were downselected for further development since the other 
engineered matrices exhibited either “pesting” or the oxide layer spalled. Since the initial oxidation rates 
of these two chromium silicide-EMs were significantly higher than CVD SiC (Ref. 28) and Si3N4 
(Ref. 28), the presence of Cr is expected to getter any oxygen ingress into the matrix through surface-
connected cracks in an E-CMC thereby potentially protecting the BN coating on the SiCf fibers. Four-
point bend tests conducted on these two engineered matrix compositions demonstrated that the bend 
strength and bend strain generally increased with increasing temperature above the ductile-to brittle 
transition temperature of either the CrSi2 or the CrMoSi particles. This satisfies another criteria desirable 
in an engineered matrix that it contain second phase particles, which are ductile at the application 
temperatures to enable ductile phase toughening.  
Having demonstrated the validity of the proposed concept for designing engineered matrices, several 
new CrSi2 and CrMoSi-based first generation engineered matrices were designed using either CrSi2-SiC 
or CrMoSi-SiC as base compositions with additives to investigate their self-healing capabilities. Early 
results from the self-healing studies conducted on these matrices were encouraging. It was demonstrated 
that additions of 5(wt.%) CrB2 to CrSi2-SiC and CrMoSi-SiC matrices were effective in healing scratches 
and in partially closing ~1 mm diameter holes. These observations helped to downselect self-healing 
additives for formulating the compositions of the second generation engineered matrices. 
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